We demonstrate molecular beam growth of graphene on biotite mica substrates at temperatures below 1000 • C. As indicated by optical and atomic force microscopy, evaporation of carbon from a high purity solid-state source onto biotite surface results in the formation of single-, bi-, and multilayer graphene with size in the micrometer regime. It is shown that the graphene grown directly on mica surface is of very high crystalline quality with the defect density below the threshold detectable by Raman spectroscopy. The interaction between graphene and the mica substrate is studied by comparison of the Raman spectroscopy and atomic force microscopy data with the corresponding results obtained for graphene flakes mechanically exfoliated onto biotite substrates. Experimental insights are combined with density functional theory calculations to propose a model for the initial stage of the van der Waals growth of graphene on mica surfaces. This work provides important hints on how the direct growth of
of materials with a large lattice mismatch. 21 The van der Waals epitaxy was in the past successfully applied to grow high quality thin films of two-dimensional layered crystals such as MoS 2 and MoSe 2 22 and thin layers of α-alumina 23 on mica surfaces. In the context of graphene research, mica is considered as a candidate substrate material for graphene device prototyping due to its atomic smoothness and excellent insulating properties. 24, 25 In this Letter, we present a van der Waals epitaxy-based approach enabling direct growth of graphene layers on mica substrates at temperatures below 1000 • C. In our previous growth experiments, 13 performed mainly on low grade muscovite mica, the formation of multilayer graphene flakes has been observed. The growth of graphene/graphite islands at elevated temperatures (> 850 • C), which favor the growth of flakes with high crystalline quality, was accompanied by local decomposition of the substrate and formation of highly distorted carbon (or quasi-highly reduced graphene oxide 26, 27 ). Here, a high grade biotite mica with superior thermal stability 28 is used as the substrate. Using optical and atomic force microscopy, we show that evaporation of carbon onto biotite surface results in the formation of single-, bi-, and multilayer graphene layers with the size in the micrometer regime. Based on Raman spectroscopy it is demonstrated that the single layer graphene grown directly on mica surface is of very high crystalline quality. Furthermore, we compare the graphene obtained by van der Waals growth with graphene flakes deposited by mechanical exfoliation on the surface of biotite mica. These results constitute a significant progress in the field of direct graphene growth on insulating substrates at moderate temperatures.
Biotite mica (K(Mg,Fe) 3 AlSi 3 O 10 (OH,F) 2 ) with monoclinic structure, space group C2/c and cleavage on the (001) face is used as the substrate. 29 The growth of graphene layers is accomplished in a molecular beam epitaxy chamber equipped with a solid state carbon source ( Figure   1a ). Mica samples are attached to the sample holder ( Figure 1b ) and heated up to the target temperature (500 − 1000 • C). The carbon source (Figure 1c ) is composed of high purity pyrolytic graphite filament heated by passing a high current (∼ 110A) to temperatures of ∼ 2500 • C. The growth rate is around 1Å/min. The chemical composition of the sample during graphene growth was monitored in-situ by x-ray photoelectron spectroscopy (XPS). The samples were then analyzed ex-situ by µ-Raman spectroscopy, atomic force microscopy (AFM) and Auger Electron Spectroscopy (AES). Figure 1d shows the overview XPS scan from the biotite sample obtained immediately after cleavage in ambient air. The presence of Al, Si, O, K, Mg, Fe, and F photoemission peaks confirms the typical chemical composition of biotite. 30 Figure 1e shows high resolution photoemission Figure 1 : Experimental set-up and x-ray photoemission study of graphene growth on mica. (a) look into the growth chamber through a viewport with visible carbon source and sample holder, (b) mica sample mounted on the sample holder, (c) magnified image of the glowing pyrolytic carbon source (d) overview spectrum of the substrate after cleavage in air, (e) K 2p -C 1s spectral region at various experimental stages.
spectra around the K 2p -C 1s region measured at various experimental stages. The as-cleaved biotite sample shows the C 1s peak at a binding energy of about 285 eV which can be associated with oxidized carbon. 31 After UHV annealing, performed at 950 • C for 10 min, the C 1s peak significantly decreases in intensity which can be attributed to the desorption of loosely bonded C-O species. 32 The UHV annealing fails, however, to remove the C 1s emission completely. The weak residual signal observed at the C 1s position can be due to the presence of carbonaceous compounds which are tightly bound to the surface and are difficult to remove even with a prolonged annealing at elevated temperatures. 33 Evaporation of carbon onto the annealed mica substrate results in a new XPS peak centered at a binding energy of around 284 eV which is characteristic for C-C bonds. 31 This peak clearly gains intensity with increasing evaporation time giving evidence that the amount of C-C bonds on the surface of mica increases during evaporation. According to scanning Auger Electron Spectroscopy (AES, which has superior lateral resolution as compared to XPS) the irregular islands on the biotite surface are composed exclusively of carbon and are separated from one another with exposed areas of mica. With increasing deposition time, lateral and vertical dimensions of the islands increase. As we will show below, these islands are monolayer, bilayer and multilayer graphene. However, even at very long deposition times (several minutes) large areas of the substrate do not show any significant coverage with carbon according to AES. This suggests that the incoming carbon atoms are very mobile on the mica surface and tend to agglomerate around certain growth centres. Formation of such agglomerates can be clearly observed only at elevated substrate temperatures (>800 • C). When the substrate temperature is below this regime, on the other hand, the surface of biotite is rather covered with a relatively uniform layer of amorphous carbon. This is similar to the behavior which we previously observed for muscovite mica. 13 For deposition at relatively high substrate temperatures (900 − area II is about 0.25 nm. The step height between areas II and III is around 0.33 nm, which is in a very good agreement with the interlayer distance in graphite. 34 Based on these AFM results, and Raman spectroscopy (see below), we argue that the areas II and III correspond to the single and bi-layer graphene, respectively, which are formed on the mica substrate as a result of carbon evaporation. To gain more insight into the interaction of the MBG graphene with the substrate, the AFM measurements in Figure 2d were compared with those obtained for exfoliated single and bi-layer graphene on biotite mica. While the distance between the first and the second graphene layer is in both cases very similar, the step height between the mica substrate and the first graphene layer is for the MBG sample about 3 times smaller than for the exfoliated flakes (measured with the same AFM set-up). This indicates that the interaction of the MBG graphene layer with the biotite surface is stronger than in the case of exfoliated layers. The distance of the order of 0.3 nm is consistent with that obtained in ab initio calculations (Ref. 24 and this work), if we assume that it reflects the distance between the C atoms and the topmost O atoms of mica and that (the majority of) K atoms are missing. With all K atoms present, the expected distance is 0.49 nm, 24 which is still less than around 0.7 nm usually observed for exfoliated graphene flakes on mica. 35 This may indicate that the step between mica and single layer graphene is higher for exfoliated samples due to some "dead" space under the graphene sheet, possibly caused by molecules physisorbed on mica surface exposed to air. The small features visible as bright spots distributed over mica substrate can be observed also on unprocessed surfaces. 36 We thus suppose that this are nano-particles of a potassium compound (oxide, hydroxide, or carbonate). Raman mapping has been performed on a selected region of the island shown in Figure 2b (black rectangle). Based on these data, the ratio of the 2D and G peak amplitudes (2D/G) was calculated.
The results are shown in Figure 2f . High 2D/G ratios of up to 5 and narrow 2D peaks (FWHM < 30 cm −1 ) indicate the presence of a relatively large (∼ 1x5µm) single layer graphene sheet.
In the following, we focus on a more detailed analysis of the Raman spectra originating from the latter region and compare them to the spectra obtained from graphene deposited on biotite surface using mechanical exfoliation. The 2D frequency of the MBG graphene on mica (∼2686 cm −1 ) is slightly increased with respect to exfoliated graphene on mica (∼2676 cm -1 ) and on SiO 2 (∼2675 cm -1 ). The difference in 2D-peak positions between the MBG and exfoliated samples on mica have to be caused by the growth process and is discussed below.
We now consider the G band of the MBG graphene shown in Figure 3b . As mentioned above, we observe two Lorentzians in the G band (middle curve), in contrast to the single peak observed in exfoliated monolayer graphene (lower curve). This shows that the two peaks in the G band of the MBG graphene are not induced by the substrate. We discuss the following possible origins (i) strain, (ii) doping, and (iii) overlap of single and few-layer graphene.
(i) We first consider uniaxial strain as a reason for the G-peak splitting and compare our data with measurements from Mohiuddin et al. 37 and calculations of Mohr et al. 38 The measured splitting of 8 cm −1 would correspond to a strain value of ∼ 0.4%. In this case, one should additionally observe a downshift by -5 cm −1 and -13 cm −1 , for the low and high frequency components of the G band, respectively. The measured peak shift with respect to the exfoliated graphene G peak is 0 cm −1 and -8 cm −1 and hence below the theoretical predictions. Furthermore, strain should shift the 2D band by about -25 cm −1 , which is not observed in our investigations. In contrast, the 2D mode is slightly blue-shifted to ∼2686 cm -1 with respect to the 2D mode of exfoliated monolayer graphene on mica (Figure 3c ). Therefore, uniaxial strain (e.g., resulting from the growth process) cannot explain the two observed Lorentzians in the G band.
(ii) When graphene is grown on mica substrates, it is likely that doping occurs due to for example nonuniform distribution of potassium atoms on the substrate surface. 24 Doping cannot describe the observed splitting of the G band, but can give an explanation for the reduced FWHM. 39 The two Lorentzians in Figure 3b have a FWHM of ∼14 cm -1 , which is slightly below the usual value of undoped monolayer graphene. Quantitatively, this narrowing is consistent with low doping levels on the order of 10 12 -10 13 cm −2 , which in turn would explain the presence and magnitude of the 2D-band shift. 40 The direction of the shift would in this case mean that graphene is p-doped, 40 that is, that the surface is more electronegative than graphene, or some acceptor species are adsorbed on graphene, or both. The former can be due to removal or electrical neutralization of a certain amount of K atoms, the latter may be due to the presence of residual oxygen or OH in the MBE chamber.
In exfoliated graphene on mica (Figure 3b bottom spectrum) , the G mode has slightly smaller width than in the MBG graphene, indicating even higher doping. As a consequence, we would expect that the 2D mode in exfoliated graphene on mica has similar or higher frequency than in MBG graphene. This is, however, not the case. Instead, the 2D-mode frequency in exfoliated graphene on mica is similar to that in exfoliated graphene on SiO 2 . Moreover, the G-mode frequency in our MBG graphene is rather low compared to recently published data on p-doped graphene exfoliated on mica. 41 Therefore, we believe that, in addition to p-doping by the substrate, the electron band structure of MBG graphene is affected by the growth process. As due to double resonance the 2D mode is much more sensitive to modifications of the band structure than the G mode, 42, 43 this would explain why the G mode shows very little change compared to slightly doped graphene, whereas the 2D mode is strongly affected.
(iii) The above discussed 2D-band lineshape was explained by two Raman signals overlapping. By comparing the MBG monolayer Raman spectrum of the G band with a Raman spectrum of surrounding few-layer graphene [see Figure 3b , upper curve], we observe that only the lowfrequency peak remains visible. Following the idea of two Raman signals overlapping, we assign the higher-frequency G peak in Figure 3b to monolayer graphene and the lower-frequency peak to surrounding few-layer graphene. Indeed, the G band shifts with the number of graphene layers to lower frequencies, although by a smaller amount than observed here. 44, 45 As a consequence, we can explain the two Lorentzian peaks that form our G band also by overlap.
The above Raman investigations prove that the studied MBG sample consists of a graphene monolayer which is surrounded by a few-layer graphene. The absence of a D band in the monolayer region demonstrates the high crystalline quality of the deposited layer.
We now return to the observation of phase separation between graphitized areas and clean mica surface. This separation is not obvious to occur, because atomic carbon deposited from the MBE source is expected to react chemically with the surface to form relatively stable carbidic species, which are likely to be immobile at temperatures that mica can withstand. This rises the question about the physical mechanism of carbon transport from reaction sites on mica to graphitic islands.
In order to clarify this issue, we performed ab initio density functional theory calculations (for details see SI) for the initial stage of carbon deposition on mica. Furthermore, our results in conjunction with recent reports on successful MBE growth of atomically smooth oxide tunnel barriers 48 and topological insulators 49 on graphene show that molecular beam growth is an important method for exploring prototypes of advanced graphene-based devices.
